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SMART MATERIAL CONTROL SYSTEM
AND RELATED METHOD

completely envelope the limits of the region or the desired
adjustment/correction is impossible to achieve and redesign
may be required.

This application claims the bene?t of US. Provisional

Another limitation inherent in the use of distributed

Application No. 60/058,633, ?led Sept. 12, 1997.

electrodes is restricted or loW spatial resolution. With regard
to the bimorph actuator described above, for example, the

TECHNICAL FIELD

siZe of the electrode(s) strictly de?nes the spatial resolution

The present invention relates generally to the control of

of the displacement/curvature control. In order to control the

adaptive structures and more particularly to a method and

curvature of a one square meter bimorph actuator With a

system for controlling the change in displacement and/or

spatial resolution of one square centimeter, ten thousand
separate electrodes and their attendant Wire leads Would be

curvature of a smart material.

required. Obviously, this spatial resolution is both economi
cally and fundamentally impractical to implement and thus,

BACKGROUND OF THE INVENTION

Smart materials such as pieZoelectrics, thermoelectrics,
pyroelectrics, magnetostrictives and electrostrictives are
?nding increased utility in adaptive structures in both com
mercial and non-commercial applications. In fact, smart

15

severely limits the utility of these actuator devices.
Therefore, an important aspect of the present invention is
to provide an apparatus/method capable of adaptively con
trolling the displacement and/or curvature of an adaptive

adaptive optics controls, aerodynamic controls, precision

structure Without concern for the distribution, siZe and shape
of electrode(s). As a result, it is noW possible to overcome
the cited limitations of the prior art. In doing so it is also

pointing instruments, and for noise suppression and vibra

possible to attain much higher spatial resolutions doWn to

tional damping applications. Smart materials are also uti

the order of microns.

materials are presently being utiliZed as actuators in such

diverse products as printers, speakers, sonar equipment,

liZed as sensors Within accelerometers, microphones, sonar

SUMMARY OF THE INVENTION

systems, and vibration controls and as disposable lighter
spark generators among others. This increase in the utiliZa
tion of smart materials in adaptive structures is primarily due
to the fact that these materials provide for direct coupling

Accordingly, it is a primary object of the present invention
to provide a system and related method for applying control
signals to an adaptive structure Which include concepts and

betWeen electrical and mechanical energy.
For example, the application of an electric ?eld to a

prior art.

pieZoelectric or similar smart material induces a mechanical

It is another object of the present invention to provide a
system and related method for applying control signals to an

features that are designed to overcome the limitations of the

strain in the material. This is generally knoWn as the
converse pieZoelectric effect relied on by electromechanical

actuators. By controlling the application of the electric ?eld
to the smart material, the displacement/curvature resulting
from the induced strain can be predicted and used for
selective positioning, or to apply a force. HoWever, in order
to take full advantage of the converse pieZoelectric effect,
neW methods of applying and controlling the electric ?eld
are required.
Presently, distributed electrodes are the technology of

adaptive structure Which provides for greater operational
?exibility in controlling the displacement and/or curvature
of the structure.
35

focused electron beam onto the surface of the structure, thus

providing much higher spatial resolution doWn to the micron
level.
Another object of the present invention is to provide a

choice utiliZed by system designers for applying an electric

system and related method for adaptively controlling the
displacement of an adaptive structure by projecting electron

?eld to smart materials. Atypical electromechanical actuator
includes a smart material layer bonded on one side to a

conductive substrate in a bimorph con?guration. A distrib
uted electrode is selectively positioned and bonded to the
opposite side of the smart material layer. The conductive
substrate is grounded and a voltage is applied through a Wire
lead to the distributed electrode, thus generating an electric
?eld across the smart material layer. The voltage, in turn,
induces strain in the smart material resulting in the desired

45

iZed.
Still yet another object of the present invention is to

provide a system/method for adaptively controlling the
curvature of an adaptive structure having opposingly polar
iZed smart material layers by projecting electron charges
onto a surface of the structure and varying the potential of

With the smart material for more precise or speci?c control
55

adjustment/correction becomes necessary on a speci?c
region of an adaptive structure, the electrode borders must

a conductive substrate bonded to an opposite surface of the
structure.

It is another object of the present invention to provide a

system/method for adaptively controlling the displacement

and Wire leads to apply an electric ?eld to the smart material

layer imposes several limitations on the system designer.
First, the distribution of the electrodes, their siZe and shape
must all be predetermined early in the design process
dependent upon the desired spatial resolution.
This early predetermination is problematic because once
selected these features are not readily adaptable to varying
system demands or requirements. For example, if a shape

charges onto a surface of the structure and varying the
potential of a conductive substrate bonded to an opposite

surface of the structure, thus providing improved system
linearity and greater stability margins than heretofore real

displacement/curvature. Similarly, several electrodes of
varying siZe and shape may be selectively placed in contact
of the displacement/curvature.
Despite achieving the desired result of controlled dis
placement and/or curvature, utiliZing distributed electrodes

Yet another object of the present invention is to provide a

system/method of applying control signals to an adaptive
structure utiliZing a charge projector capable of projecting a

and/or curvature of an adaptive structure utiliZing more than

one charge projector to independently control segregated
areas of the adaptive structure.

Still another object of the present invention is to provide

a system/method for adaptively controlling the displacement
and/or curvature of an adaptive structure utiliZing a single
65

energy charge projector.
Yet another object of the present invention is to provide a

system/method for adaptively controlling the displacement

US 6,188,160 B1
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and/or curvature of an adaptive structure having perpendicu

In accordance With another important aspect of the
present invention, it is possible to control adaptive structure
and particularly, smart material layer curvatures indepen
dently in the x- and y- directions. This may be realiZed by
laminating together tWo smart material layers in a bimorph

larly polarized smart material layers.
Additional objects, advantages, and other novel features
of the invention Will be set forth in part in the description
that folloWs and in part Will become apparent to those skilled
in the art upon examination of the following or may be
learned With the practice of the invention. The objects and
advantages of the invention may be realiZed and attained by
means of the instrumentalities and combinations particularly

pointed out in the appended claims.

con?guration Which provides unidirectional pieZoelectric
effects in directions opposite or perpendicular to one

another. For the opposing pieZoelectric effect adaptive
structure, the strain induced by the pieZoelectric effect
10

causes a contraction in the ?rst smart material layer and an

expansion in the second smart material layer. Overall, the

To achieve the foregoing and other objects, and in accor
dance With the purposes of the present invention as
described herein, there is provided an improved system for
controlling the movement of an adaptive structure. In

smart material layers. For the perpendicular pieZoelectric

surface of the adaptive structure. More speci?cally, charges

layer is transformed into a bending moment When it is
restrained by the relatively inert reaction of the second smart

adaptive structure maintains a substantially uniform thick
ness due to the opposing changes in the thickness of the tWo

particular, a charge projector, such as an electron gun, an ion 15 effect bimorph con?guration, on the other hand, the strain
induced by the pieZoelectric effect in the ?rst smart material
gun or the like is utiliZed to project charges onto a ?rst
are projected onto a ?rst surface of a smart material layer. A

second opposite surface of the smart material layer is
bonded to a conductive substrate, for controlling bulk strains
or changes in the dimensions of the adaptive structure.
Alternately, the smart material layer may comprise tWo
smart material layers having opposing polariZations in a
bimorph con?guration bonded to the conductive substrate
for controlling the curvature of the adaptive structure. The
utiliZation of a charge projector eliminates many of the

material layer.
The application of appropriate charge distributions to the
individual smart material layers is preferably accomplished
by forming a four layer adaptive structure. The ?rst layer is

25

a smart material layer, the second a conductive layer, the
third a second smart material layer With the pieZoelectric
effects perpendicular to the ?rst, and the fourth is a second
conductive layer. The tWo conductive layers are electrically
connected to each other and a voltage or charge source. The

limitations inherent in the use of electrodes. Speci?cally,
control of the adaptive structure is no longer dependent upon

application of appropriate charge distributions to the indi
vidual smart material layers is preferably accomplished by

the siZe, shape and distribution of electrodes. Instead, these
features are integrated into the control signal processing of
the charge projector. This is due to the ability of the charge
projector to control and direct the charges distributing them

perforating the ?rst smart material and conductive layers.
Thus, When the electron beam is focused upon and strikes

in any desired pattern on the surface of the adaptive struc
ture.

Advantageously, each individual point on the surface of
the smart material layer of the structure effectively becomes

35

the ?rst smart material layer, curvature changes occur in a
?rst direction and When the electron beam is focused upon
and strikes the inner or second smart material layer, curva
ture changes occur in the second direction. Alternatively,
depolariZed areas in either layer are used to limit the

pieZoelectric effects to the remaining layer.

an actuator location Which can be individually and adap

tively controlled by the precise placement of charges by the
charge projector. Thus, subject only to the limitations of the

Still other objects of the present invention Will become
readily apparent to those skilled in this art from the folloW
ing description Wherein there is shoWn and described a

adaptive structure dimensions and signal processing capa

preferred embodiment of this invention, simply by Way of

bilities of the controller, the charge projector can actuate any
point/surface area desired by the controller. This unique

invention. As it Will be realiZed, the invention is capable of

illustration of one of the modes best suited to carry out the

ability greatly enhances the overall spatial resolution of the
system.

other different embodiments, and its several details are

invention, the smart material layer acts as a dielectric Which

capable of modi?cations in various, obvious aspects all
Without departing from the invention. Accordingly, the
draWings and descriptions Will be regarded as illustrative in

accumulates a net surface charge upon application of the

nature and not as restrictive.

In accordance With an important aspect of the present

45

projected charges. As Will be described in greater detail
beloW, this net surface charge provides the control system
With the ability to apply net positive or net negative charges

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying draWings incorporated in and forming
a part of the speci?cation, illustrates several aspects of the
present invention, and together, With the description serve to
explain the primary principles of the invention. In the

to the individual points/surface areas of the smart material

layer. Advantageously, this alloWs for even more precision
in the control of the displacement and/or curvature of each

draWings:

point of the adaptive structure.
More speci?cally, a voltage or charge source can be used 55

to control the potential of the conductive substrate. In this

FIG. 1 is a perspective vieW of the system including a

charge projector projecting charges onto the surface of an

manner, the secondary electron yield resulting from the
energy of the projected charges contacting the smart material

adaptive structure;

layer can be adaptively controlled to stimulate a more

adaptive structure;

FIG. 2 is a partially cutaWay, perspective vieW of an

FIGS. 3A—3C are perspective vieWs shoWing the

precise strain in the smart material layer. Advantageously,
controlling the potential of the conductive substrate in this

displacement/curvature of adaptive structures having vary
ing degrees of charge accumulation on their respective
surfaces; and

manner alloWs for the use of less expensive and lighter

single-energy charge projectors to close the current loop at
a particular location in the smart material layer and effec

tively eliminate the potential side effects associated With

FIG. 4 is a partially cutaWay, perspective vieW of an
65

alternate embodiment of the adaptive structure including

varying the energy of the electron beam to control net

tWo smart material layers and tWo conductive substrate

secondary electron yield.

layers.

US 6,188,160 B1
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rations Which provides unidirectional pieZoelectric effects in
directions opposite (shoWn by directional arroWs A, B) or
perpendicular (shoWn by directional arroWs C, D) to one

Reference Will noW be made in detail to the present

preferred embodiment of the invention, an example of Which
is illustrated in the accompanying draWings.

another. Thus, for the opposing pieZoelectric effect adaptive
DETAILED DESCRIPTION OF THE
INVENTION

structure 23, the induced strain causes a contraction in the

?rst smart material layer 20 and an expansion in the second
smart material layer 21. Overall, the adaptive structure 23

Reference is noW made to the perspective vieW of FIG. 1

maintains a substantially uniform thickness due to the

shoWing a control system 10 for controlling the movement
of an adaptive structure 11. A charge projector 12 projects

opposing changes in the thickness of the tWo smart material
layers 20, 21. The adaptive structure 23 further maintains

charges onto a ?rst surface of the adaptive structure 11. In

substantially identical x- and y- coordinates due to the

the preferred embodiment of the present invention, the

opposing changes of the tWo smart material layers 20, 21.

charge projector 12 is formed by an electron gun 13 and tWo

For the perpendicular pieZoelectric effect bimorph
con?guration, the strain-induced by the pieZoelectric effect

pairs of de?ector plates 14, 15 positioned at right angles to
each other. The electron gun 13 operates to accelerate

electrons or electron charges emitted from a hot ?lament or 15 in the ?rst smart material layer 20 is transformed into a
bending moment When it is restrained by the relatively inert
cathode to a series of electrodes or an anode. In addition to

accelerating the charges, the electron gun 13 focuses the
electron beam. This focused electron beam passes through
the tWo pairs of de?ection plates 14, 15. The de?ection

reaction of the second smart material layer 21.

plates 14, 15 consist of oppositely charged conductors Which

perforating the ?rst smart material layer 20 and ?rst con
ductive substrate layer 25. Thus, When the electron beam is
focused upon and strikes the ?rst smart material layer 20,

The application of appropriate charge distributions to the
individual smart material layers 20, 21 is accomplished by

produce an electric ?eld in the horiZontal and vertical

directions, respectively. By varying the magnitude and

curvature changes occur in a ?rst direction and When the
electron beam is focused upon and strikes the inner or

direction of the ?elds betWeen the plates, both the vertical
and horiZontal direction of the electron beam can be con

trolled.
As further shoWn in block schematic format in FIG. 1, a
controller 16 controls the electron gun 13 and de?ection

25

a second direction. In the alternate embodiment of the

present invention, perforations 24 are substantially 5 to 50
micrometers in diameter. It is contemplated that further
alternate embodiments could include depolariZed regions in

plate pairs 14, 15. Depending upon the desired spatial
resolution and location of charges to be projected onto the
adaptive structure 11, the controller 16 varies the focus of
the electron beam, the number of electrons reaching the
anode and the magnitude and direction of the electric ?elds

the outer or ?rst smart material layer 20. These regions
Would generally serve the same purpose as the above

mentioned perforations 24. Speci?cally, the depolariZed
regions Would be similar in siZe to the perforations 24 and

betWeen the de?ector plate pairs 14, 15.
As shoWn in FIG. 2, the adaptive structure 11 includes a
conductive substrate layer 17 bonded With an epoxy gener
ally knoWn in the art to a smart material layer 18. In this
con?guration, bulk strains or changes in the dimensions of
the adaptive structure 11 are controlled. In the most pre
ferred embodiment, a second smart material layer 26 having
an opposing polariZation relative the ?rst smart material
layer 18 is added to the adaptive structure 11 in a bimorph
con?guration and further alloWs for the curvature of the
adaptive structure 11 to be controlled as shoW in FIGS.

second smart material layer 21, curvature changes occur in

Would alloW curvature to be stimulated in one direction only.
35

The effects of pieZoelectricity in the preferred embodi
ment of the present invention are represented linearly in the

pieZoelectric constitutive equations
S=sET+dE

(a)

Where T is stress, S is strain, E is electric ?eld, and D is the

electric displacement.

The equation used most often in pieZoelectric material
3A—3C. Materials Which have as common property that 45
control is equation (a), generally knoWn as the electric ?eld
function in a manner to be used as the smart material layer

18 are pieZoelectrics, electrostrictives, and magnetostric
tives. Speci?cally, each of these smart materials provide
direct coupling betWeen electrical energy and mechanical

relationship or actuator equation. This is the appropriate
relationship When ?eld or voltage is the control quantity.
The charge projector 12 of the present invention advan

energy. In other Words, When an electric or magnetic ?eld is
applied to the material a mechanical strain is generated. This
strain is a direct result of the accumulated charge on the

distribution, as opposed to voltage. The appropriate control

tageously provides the capability to control charge

equation for charge projector controlled pieZoelectric

surface of the smart material layer and the adaptively
controlled potential of the conductive substrate layer 17.
It should also be appreciated that it is possible to use a
charge projector such as an electron gun to apply a charge
distribution to materials Which couple electrical energy With
other types of energy. TWo examples of such materials are

pyroelectrics and thermoelectrics Which couple electrical
energy and heat energy.
In an alternate embodiment of the present invention, the

55

materials, for example, is equation
This is the electric
displacement equation, or the sensor equation. This equation
is used for charge control of pieZoelectric materials since the
electric displacement is related to the surface charge by the

relationship
D=Q/A

(C)

Where Q is the charge applied over a surface area A. The fact

adaptive structures and particularly, the smart material layer

that the present invention utiliZes charge control is bene?cial
due to the fact that charge control of pieZoelectric materials

curvatures are independently controlled in the x- and y

has been demonstrated to be more linear than voltage

directions. As shoWn in FIG. 4, this may be realiZed by

bonding tWo smart material layers 20, 21 (eg tWo layers of
polyvinylidine ?uoride) to tWo conductive substrate layers
22, 25 to form an adaptive structure 23 in bimorph con?gu

control, Which most certainly leads to improved perfor
65 mance and more robust systems.

As shoWn in the preferred embodiment of the present
invention illustrated in FIG. 1, the potential of the conduc

US 6,188,160 B1
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tive substrate layer 17 is variably controlled by a voltage

The foregoing description of a preferred embodiment of
the invention has been presented for purposes of illustration

source 19. In the preferred embodiment, the voltage source
19 is a charge controlled ampli?er. Alternatively, a voltage

and description. It is not intended to be exhaustive or to limit

controlled ampli?er could be used. By varying the potential

the invention to the precise form disclosed. Obvious modi
?cations or variations are possible in light of the above

of the conductive substrate layer 17, as opposed to simply
grounding the layer 17 as employed in prior art applications,

teachings. For example, an array of charge projectors may be
utiliZed to provide varying control of an adaptive structure

a single-energy charge projector 12 may be utiliZed to vary
the electric ?eld betWeen the surface of layer 18 and the

or control of a large adaptive structure. Additionally, an

conductive substrate layer 17. Advantageously, the single
energy charge projector 12 signi?cantly reduces the siZe and
pleXity of the system including the charge projector con

array of charge projectors and/or conductive substrate sec
tions may be used to provide varying and broad control of
adaptive structures.

troller 16 and necessary algorithms are signi?cantly
reduced. In their place, a more readily controlled charge or
voltage source 19 may be utiliZed to vary the potential of the
conductive substrate layer 17.

provide the best illustration of the principles of the invention
and its practical application to thereby enable one of ordi

overall Weight of the system. In addition, the overall com

The preferred embodiment Was chosen and described to
15

nary skill in the art to utiliZe the invention in various

In operation, the charge projector 12 initially establishes
a secondary electron yield substantially equal to one on the

embodiments and With various modi?cations as are suited to

smart material layer 18. Thus, by varying the potential of the
conductive substrate layer 17 the secondary electron yield

the particular use contemplated. All such modi?cations and
variations are Within the scope of the invention as deter

can be precisely controlled to stimulate a controllable strain

mined by the appended claims When interpreted in accor
dance With the breadth to Which they are fairly, legally and

Without having to adjust the energy of the charge projector.
As shoWn in FIGS. 3A—3C, the displacement and/or

equitably entitled.

curvature of the adaptive structure in the most preferred

embodiment is dependent upon the placement of charges
projected onto the smart material layer 18 and the adaptively
controlled potential of the conductive substrate layer 17. In

What is claimed is:
1. A system for controlling movement of an adaptive
25

an adaptive structure having ?rst, second, third, and
fourth layers, said ?rst and second layers having a

fact, the smart material layer 18 acts as a dielectric Which

accumulates a net surface charge upon application of the
projected charges. The effect on the accumulation of surface
charge resulting from the collision of an electron With the

plurality of perforations;
a charge projector for projecting charges onto said ?rst
layer and through said perforations and onto said third

surface of a smart material is not as simple as the addition

layer of said adaptive structure,
Whereby the movement of said ?rst and third layers of
said adaptive structure is independently controllable.

of one electron-siZed negative charge. An electron is decel

erated When it impacts a surface, giving up its kinetic energy
to the material. A number of things can happen to that

energy, including raising the energy levels of other electrons
to the point that they are ejected from the surface. These

35

electrons are knoWn as secondary electrons. The number of

secondary electrons emitted from a surface due to the impact
of a single electron is a function of the energy of the incident
electron.
The presence of the secondary electron effect gives sys

3. The system for controlling the movement of an adap
tive structure of claim 2 further comprising a voltage/charge

source for selectively varying the potential of said second
and fourth layers of said adaptive structure; and
Wherein said charge projector is a single energy electron

and/or net negative charges to the surface of a smart mate

rial. If the charge projector 12 emits electrons With energies
that cause an electron yield greater than one, this causes a net 45

positive charge to accumulate on the smart material layer.
The opposite effect is observed When the incident electrons
have energies such that the yield is less than one.
Advantageously, this alloWs for more precise control of the
movement of each point of the adaptive structure.
From the above, it Will noW be realiZed that substantial
results and advantages are obtained by the method and

structure comprising:
an adaptive structure having ?rst and second smart mate

rial layers, and a conductive substrate layer, Wherein
said ?rst and second smart material layers are arranged
such that polarities of said ?rst and second smart
material layers are opposing;
a charge projector for projecting charges onto said ?rst
55

adaptive structure,

bimorph con?guration. A charge projector 12 is utiliZed to

Whereby the displacement and/or curvature of said adap

project charges onto the surface of the adaptive structure 11

curvature of the smart material layer 18. Advantageously,
this method and system may be utiliZed in a number of

layer of said adaptive structure; and
a variable voltage/charge source for selectively varying
the potential of said conductive substrate layer of said

substrate 17 to a smart material layer 18 alone or in
combination With a second smart material layer 26 in a

and a voltage source 19 is utiliZed to adaptively control the

gun.

4. A system for controlling the movement of an adaptive

corresponding system for adaptively controlling the dis

potential of the conductive substrate layer 17, thereby pre
cisely controlling the electric ?eld and the displacement/

2. The system for controlling the movement of an adap
tive structure of claim 1, Wherein said ?rst and third layers
are smart material layers and said second and fourth layers
are conductive substrates, said layers bonded together in a

multimorph con?guration.

tems utiliZing charge control the ability to apply net positive

placement and/or curvature of an adaptive structure 11. An
adaptive structure 11 is formed by bonding a conductive

structure comprising:

60

tive structure is dependent upon the placement of said
charges and the potential of said conductive substrate
layer of said adaptive structure.
5. The system for controlling the movement of an adap
tive structure of claim 4, Wherein said voltage/charge source

panels, high resolution micromanipulators, adaptive optics

for selectively varying the potential of said conductive
substrate layer is an ampli?er and said charge projector

and in radar diffusing panels for stealth aircraft.

includes at least one single energy electron gun.

applications including but not limited to active acoustic
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6. A method of controlling an adaptive structure bonded
wherein the displacement and/or curvature of said adap
to a conductive substrate layer having a potential/charge
tive Structure iS dependent upon both the placement Of
comprising the Steps of;
said projected charges and the potential/charge on said
conductive substrate layer.
projecting charges onto a ?rst srnart material layer of said
7. The method of adaptively controlling an adaptive
adaptive structure, said adaptive structure having ?rst 5 structure of claim 6 Wherein the step of varying the potential/
and second srnart material layers arranged such that
charge includes selectively polariZing said conductive sub
polarities of said ?rst and second srnart material layers
strate layer in order to shorten the time required to effect the
are opposing;
displacement and/or curvature of said adaptive structure.

selectively varying the potential/charge of said conduc
tive substrate layer; and
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